Seasonal change in the vertical distribution of ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) in temperate forest soil was examined from March 2008 to January 2009 by quantitative PCR of the amoA genes. Abundances of AOA amoA genes (ranging from 2.0×10 8 to 1.2×10 9 copies per gram dry soil) were significantly higher than those of AOB amoA genes (1.9×10 5 to 1.7×10 7 copies). A significant increase in AOB was observed at a depth of 0-5 cm in July when net nitrification was also high in the top soil, while AOA increased significantly at depths of 5-10 cm, 10-15 cm, and over 15 cm in July. Sequencing of the crenarchaeotal amoA gene revealed shifts in major AOA components along the soil depth profile and among sampling dates. Betaproteobacterial amoA clone libraries at 0-5 cm in March, May, and July were dominated by Nitrosospira clusters 1 and 4. A microcosm experiment at 0-5 cm in July revealed a decrease in the ratio of AOA/AOB amoA genes in microcosms. These results suggest that AOB play an important role in net nitrification in the top layer in temperate forest soil.
Microbial oxidation of ammonia is the first, and rate-limiting step of nitrification, and plays a key role in the global nitrogen cycle on land and in the ocean (9, 12) . For more than 100 years it was believed that ammonia-oxidizing bacteria (AOB) were responsible for the oxidation of ammonia. However, recent environmental genomic studies have suggested that ammonia-oxidizing archaea (AOA) exist in soil (46) , because genes of a putative ammonia monooxygenase subunit A (amoA) were derived from microorganisms within the kingdom Crenarchaeota. Ammonia monooxygenase (AMO) catalyzes the conversion of ammonia (NH3) to hydroxylamine (NH2OH) and is a key enzyme for nitrification (4) . Furthermore, a first crenarchaeon, 'Candidatus Nitrosopumilus maritimus', which is able to oxidize autotrophically ammonium to nitrite, was isolated from a marine aquarium tank and found to contain the AMO gene cluster (amoA, amoB, and amoC) (22) . A recent study demonstrated the worldwide distribution of the crenarchaeotal amoA gene in terrestrial and marine habitats (10) . Furthermore, two thermophilic AOA, 'Candidatus Nitrosocaldus yellowstonii' (8) and 'Candidatus Nitrososphaera gargensis' (13) , were enriched from terrestrial hot springs. Several molecular ecological studies based on amoA genes have revealed the numerical dominance of AOA over AOB in terrestrial soil (1, 7, 15, 17, 25, 26, 39, 41) , freshwater sediment (16) , and marine water columns and sediment (6, 30, 48) . However, the seasonal change in the vertical distribution of AOA and AOB and the community composition in temperate forest soil have not been characterized.
The abundance of Group 1 Crenarchaeota as a percentage of all prokaryotes in terrestrial and aquatic habitats is estimated to be approximately 6% (32) . Group 1.1a Crenarchaeota were often detected in marine water and sediment, and found to contain the marine crenarchaeon 'Candidatus Nitrosopumilus maritimus' (22) . Group 1.1b Crenarchaeota were detected in most soils (32, 36) . The crenarchaeotal fosmid clone 54d9 containing the amoA gene from soil and the moderately thermophilic crenarchaeote 'Candidatus Nitrososphaera gargensis' were affiliated with Group 1.1b (13, 46) . Group 1.1c Crenarchaeota were dominant in acid forest soils (19, 21, 34, 37) and Group 1.1d Crenarchaeota were found to be dominant in acid-sulfate soil microcosms (31) .
The area of temperate and boreal forests in the Northern Hemisphere is estimated at approximately 2×10 7 km 2 , and the forests act as a substantial carbon sink (11) . Furthermore, a high rate of nitrification and nitrate turnover occurred in the soil of an undisturbed coniferous forest (43) . Studies on community structures of AOB based on the 16S rRNA and amoA genes indicated that forest soil tends to be dominated by Nitrosospira cluster 2, 3, and 4 (18, 24, 28, 49) . Nitrosospira cluster 2 is typically dominant in acid forest soil (24, 44) . However, heterotrophic nitrification was reportedly greater than autotrophic nitrification in forest soil, suggesting factors other than AOB to be involved in nitrification in forest soil (18, 40) . By contrast, a more recent study in agricultural soil found that AOB played a more important role in the oxidation of ammonia and assimilation of carbon dioxide than AOA, in spite of the numerical dominance of crenarchaeotal amoA over bacterial amoA genes (17) .
The major aim of this study was to elucidate the change in the vertical abundance of AOA and AOB within soil by conducting a quantitative PCR analysis of amoA genes, and in concentrations of ammonium and nitrate in temperate forest soil. An additional aim was to investigate whether nitrification is directly linked to the abundance of amoA genes in top soil in July. Since the greatest abundance of nitrate was observed in samples at a depth of 0-5 cm in July, we per-formed the soil microcosm experiments with those sectioned cores. We also partially characterized the microbial community structure of AOA and AOB based on amoA genes to compare the members in soil and microcosms and support the accuracy of quantitative PCR analysis.
Materials and Methods

Sample collection
The sampling site was located in Shonan Experimental Forest (mixed conifer and deciduous forest) at Nihon University, College of Bioresource Sciences, Kanagawa, Japan (N35°22', E139°27'), consisting of mainly cypress (Cryptomeria japonica and Chamaecyparis obtusa) and oak (Quercus acutissima and Quercus serrata). The cores were taken from the same site (about 3 m 2 ) to reduce the scatter of results obtained from different horizontal sampling points. After removal of the litter layer, a soil core (n=1) was taken with a corer containing a transparent circular cylinder made of polyvinyl chloride (length 30 cm, diameter 5 cm, HS-30S, Fujiwara Scientific Company, Tokyo, Japan) pushed into the forest floor in March, May, September, and November 2008 and January 2009. Soil cores (n=5) for the microcosm experiment were taken from the same place (about 50 cm 2 ) in June 2008. The soil columns in the cylinder were extracted from the ground and closed with a cap. In our laboratory, the columns were cut into 5-cm sections with a utility knife. The sectioned soil layers were sieved (2-mm mesh size) and manually homogenized. The 0-5 cm sectioned soil layers (n=5) collected in July 2008 were mixed well for the microcosm experiment prior to the sieving. The soil moisture content was 55.7±3.9% at all depths. The sectioned soil samples for chemical and molecular ecogenomic analyses were stored at −20°C. Soil type was a dystric-silic andisol according to the world reference base (WRB) for soil resource classification.
Chemical analyses
Soil pH was determined with a 1:2.5 ratio of soil (wet weight) and deionized water (volume) using a twin pH meter (B-212, Horiba, Kyoto, Japan). After filtration of the water-containing soil, we measured the concentrations of nitrite and nitrate with an ion chromatography system-1000 attached to an UltiMate 3000 Variable Wavelength Detector (Dionex, Sunnyvale, CA, USA). The quantitative limits of NO2 − and NO3 − concentrations were 0.013 μmol [g dry soil] −1 . After shaking 0.5 g of wet soil mixed with 5 mL of ammonium extraction solution (1 M KCl and 0.01 M HCl) for 30 min, the concentration of ammonium in soil was determined colorimetrically by a modified indophenol reaction (20) . The quantitative limit of the NH4 + concentration was 0.2 μmol [g dry soil] −1 .
Soil microcosms
To investigate the potential oxidation of ammonia by AOA and/ or AOB obtained from the 0-5 cm sectioned soil, incubation experiments were conducted with the microcosms. Soil (15 g wet soil) was added to six 100-ml Erlenmeyer flasks sealed with aluminum foil, and included the following two treatments: addition of 1 mL of distilled water and 1 ml of 89 mM NaHCO3 solution (n=3), and addition of 1 mL of 107 mM (NH4)2SO4 and the NaHCO3 solutions (n=3). The microcosms were incubated at 20°C in the dark for three weeks. The rate of soil moisture content in the microcosms was maintained at approximately 55% by weighing pots two or three times a week and adding sterilized distilled water to replace the loss through evaporation.
Amplification of amoA genes and cloning
Nucleic acids of in situ soils were extracted with an Isoil for Beads Beating Kit (Nippon Gene, Toyama, Japan) as previously described (3) . Nucleic acids extracted in Tris-EDTA buffer (20 μL) were stored at −20°C until PCR. Partial amoA gene fragments were amplified with Takara EX Taq DNA polymerase (Takara Bio, Otsu, Japan). The total volume of the reaction mixture was 50 μL containing 5 μL of 10×EX Taq buffer, 250 μM of each deoxynucleoside triphosphate, 25 pmol of each primer, and 1.25 U of EX Taq DNA polymerase. The nucleotide primers were amoA19F (5'-ATG-GTCTGGCTWAGACG-3') (25) and amo643R (5'-TCCCACTTW-GACCARGCGGCCATCCA-3') (46) for the crenarchaeotal amoA gene, and amoA-1F (5'-GGGGTTTCTACTGGTGGT-3') and amoA-2R (5'-CCCCTCKGSAAAGCCTTCTTC-3') for the betaproteobacterial amoA gene (38) . The following protocol was used for crenarchaeotal amoA: an initial denaturation step at 94°C for 5 min and then 30 cycles at 94°C for 30 s, 55°C for 30 s and 72°C for 45 s, with a final 5-min extension at 72°C. For betaproteobacterial amoA, there was an initial denaturation step at 94°C for 5 min and then 35 cycles at 94°C for 30 s, 57°C for 1 min and 72°C for 45 s, with a final extension at 72°C for 5 min. PCR products were visualized on an agarose gel stained with ethidium bromide, and extracted with a Qiagen II Gel Extraction Kit (Qiagen, Valencia, CA, USA). Amplified gene fragments were cloned with a TOPO TA PCR cloning kit (Invitrogen, Carlsbad, CA, USA). White colonies were transferred to fresh Luria-Bertani agar plates with kanamycin, grown overnight at 37°C, and amplified with the vector-specific primers M13F and M13R. After PCR products were electrophoresed again in an agarose gel to check the length of the bands, amplicons were purified with a QIAquick PCR purification kit (Qiagen) prior to sequencing.
Fluorescent quantitative PCR
Crenarchaeotal and betaproteobacterial amoA genes in soils were quantified by real-time PCR in a LightCycler system 350S (Roche Diagnostics, Mannheim, Germany) with SYBR Green I as a fluorescent dye using the primers amoA19F/amo643R and amoA-1F/ amoA-2R. Each reaction was performed in a 20-μL volume containing 2 μL of template DNA solution, 0.2 μg μL −1 of bovine serum albumin, 0.2 μM of each primer, and 10 μL of SYBR Premix Ex Taq (Perfect Real Time) (Takara Bio). Cycling conditions were as follows: for the crenarchaeotal amoA gene, an initial denaturation step at 95°C for 30 s and then 30 cycles at 95°C for 15 s, 55°C for 15 s and 72°C for 30 s. The fluorescence intensity was measured at 81°C. For betaproteobacterial amoA, an initial denaturation step at 95°C for 30 s followed by 40 cycles of 95°C for 15 s, 57°C for 15 s and 72°C for 30 s. The fluorescence intensity was measured at ) of a plasmid of the betaproteobacterial amoA of clone FS_G37542, respectively.
Sequencing and phylogenetic analysis
PCR products were sequenced with a BigDye v.3.1 sequencing kit (Applied Biosystems, Foster City, CA, USA) and vector primers M13F and M13R on a Model 3130xl DNA sequencer (Applied Biosystems). Similarities of amoA gene sequences were investigated in the databases of the National Center for Biotechnology Information and the DNA Data Bank of Japan using the BLAST (2) and FASTA programs (27) . Sequence similarity was determined with MEGA4 software (45) . Operational taxonomic units (OTUs) were defined as sequence groups in which the sequences differed by ≤3% from the nucleotide sequences. Phylogenetic inferences were calculated from confidently aligned regions of homologous proteins and nucleic acid sequences using MEGA4. Neighbour-joining bootstrap values were calculated from 1,000 resampled data sets also using MEGA4.
Statistical analysis
One-way analysis of variance (ANOVA) and Tukey tests were used to determine significant differences. Pearson's product moment correlation analysis was performed to determine the relationship between abundances of amoA genes and concentrations of ammonium and nitrate in soil.
Nucleotide sequence accession numbers
The amoA gene sequences were submitted to DDBJ/EMBL/GenBank and have been assigned the following accession numbers: AB529719 to AB529805.
Results and Discussion
Changing temperature, pH, ammonium, and nitrate in soils
The changes in temperature, pH, and total amounts of carbon and nitrogen in the soil are shown in Table 1 . The highest temperature at a depth of 0-5 cm was observed in July. The changes in concentrations of ammonium and nitrate in the soil are shown in Fig. 1A and 1B. A significant increase in the concentrations of both ammonium and nitrate occurred at 0-5 cm from May to July (NH 4 + , P<0.001 and P=0.001; NO3 − , P<0.001), which can be attributed to the higher activities of both ammonia accumulation and nitrification due to the increase in soil temperature. Similarly, at depths of 10-15 cm and over 15 cm, a significant increase in the concentration of nitrate also occurred from May to July (P<0.001). The amount of nitrate in the 0-5 cm samples gradually decreased with the drop in soil temperature after summer. No nitrite was detected in any soil sample.
Seasonal changes in abundance of amoA genes in soil
The abundance of the crenarchaeotal amoA gene in forest (Fig. 1C) . No significant increase in the gene was observed in the top 5 cm of soil during this study (P=1.000). However, the gene's abundance at depths of 5-10 cm, 10-15 cm, and over 15-cm increased significantly by five-, three-, and threefold from May to July (P<0.001), and then decreased from July to September.
The abundance of the betaproteobacterial amoA gene ranged from 1.9×10 5 to 1.7×10 7 (copies [g dry soil] −1 ) (Fig.  1D) . From May to July, it increased significantly by threefold at a 0-5 cm (P<0.001), and by five-, three-, and six-fold respectively at 5-10 cm, 10-15 cm, and more than 15 cm, though the latter changes were not significant. The increase at 0-5 cm is consistent with the remarkable increase in nitrate in the top layer of soil from May to July (Fig. 1B) . However, no increase in the crenarchaeotal amoA gene was observed in the same soil layer from May to July (Fig. 1C) . This result suggests AOB to be involved in net nitrification in the top 5 cm of soil in July.
The concentration of nitrate and crenarchaeotal amoA copy numbers in all the soil layers showed rough correlations (r=0.226, P<0.05). The concentration of nitrate and crenarchaeotal amoA copy numbers in all the 10-15 cm soil samples also showed rough correlations (r=0.491, P<0.05). There was no correlation between ammonium and crenarchaeotal amoA copy numbers. The concentration of nitrate and betaproteobacterial amoA copy numbers in all soil layers, all 0-5 cm sections, and all 10-15 cm sections showed positive correlations (r=0.499, P<0.01 for all layers; r=0.649, P<0.01 for 0-5 cm; r=0.625, P<0.01 for 10-15 cm). The concentration of ammonium and betaproteobacterial amoA copy numbers in all layers and all 5-10 cm samples also showed positive correlations (r=0.731, P<0.01 for all layers; r=0.930, P<0.01 for all 5-10 cm). This result suggests that AOB are more involved than AOA in net nitrification in temperate forest soil.
Nitrate and amoA genes in microcosms
As shown in Fig. 1 , a significant increase in the betaproteobacterial amoA gene was observed at 0-5 cm in July when net nitrification was also high in the top layer of soil. However, the abundance of the crenarchaeotal amoA gene was 50 times that of the betaproteobacterial amoA gene. A microcosm experiment was performed to investigate the relationship between the abundance of both amoA genes and nitrification activity in the top-soil in July. The addition of ammonium in the form of (NH4)2SO4 resulted in significant production of nitrate ( Fig. 2A) −1 after the incubation. In the microcosms to which no ammonium was added, significant accumulation of nitrate was also observed. The concentration of NH4 + was 2 µmol [g dry soil]
−1 after a 21-day incubation. The abundance of the betaproteobacterial amoA gene in the ammonium-amended microcosms was about two times that in the unamended microcosms (Fig. 2B) . In contrast, the abundance of the crenarchaeotal amoA gene decreased significantly in both the unamended and amended microcosms. In addition, the ratio of AOA to AOB amoA genes in microcosms decreased after incubation, particularly in the ammonium-added microcosms. In agricultural soil, the ammonia-oxidizing rate and ability to fix carbon dioxide were greater for AOB than for AOA (17) . Furthermore, in pure and enrichment cultures, the rate of NH 4 + conversion to NO2
− by AOA was assumed to be lower than that by AOB (13, 22) . Thus, our results support that AOB are more involved than AOA in net nitrification in the top 5 cm of soil in July, despite the numerical predominance of AOA over AOB amoA genes in the top soil.
We expected the abundance of the crenarchaeotal amoA gene to increase or remain the same in the microcosms without ammonium if the AOA could autotrophically grow in the soil, because a bicarbonate solution was added to the microcosms prior to incubation. However, the gene's abundance decreased significantly in spite of a significant increase in nitrate (Fig. 2) . Moreover, the ratio of AOA to AOB amoA genes also decreased. It is likely that soil AOA are heterotrophic or mixotrophic and/or able to utilize other electron donors to sustain high numbers in the forest soil. Indeed, AOA were found in large numbers in the rhizospheres of submerged macrophytes, implying that root exudates induced expansion of the population of AOA (16) . In addition, a large number of Crenarchaeota of Group 1.1b could be grown in an enrichment culture with tomato root extracts (42) . Further study is necessary to clarify whether AOA are heterotrophic or mixotrophic in temperate forest soil.
Phylogenetic analysis of crenarchaeotal amoA
Crenarchaeotal amoA clone libraries were generated from Fig. 2 . Changes in the concentration of (A) nitrate and in the abundance of (B) crenarchaeotal and betaproteobacterial amoA gene copies in forest soil microcosms after a 21-day incubation at 20°C. Ratios of AOA to AOB amoA copies are shown in boxes above the chart. Different letters above the columns in one row reveal a significant difference (P<0.05).
soils sectioned at depths of 0-5 cm, 5-10 cm, 10-15 cm, and over 15-cm in March and May, the 0-5 cm layer in July, and incubated soils in microcosms in July. We obtained a total of 75 OTUs (based on a 3% cutoff) from 448 individual crenarchaeotal amoA gene sequences. Of the 448 amoA amino acid sequences, 304 fell into the cluster Soil with sequences found frequently in soil samples, and 144 fell into the cluster Marine with sequences found frequently in marine sediment and water column samples (Fig. 3) . A sequence analysis revealed shifts in major AOA components along the soil depth profile and among sampling dates (Table 2) . A previous study suggested that a different archaeal type occurred depending on environmental factors that change with soil depth (37) . In addition, a change in community structure from Crenarchaeota Group 1.1b to Group 1.1c was attributed to the influence of soil maturation (33) . It appears that Crenarchaeota containing the amoA gene found in the forest soil might have functions other than nitrification.
The amoA amino acid sequences obtained within the cluster Soil were associated with four distinct sub-clusters (Soil Cluster-1 to -4). Soil Cluster-1 included 18 OTUs and the metagenomic clone 54d9 that is affiliated with Crenarchaeota Group 1.1b (46) . Clones FS_G37508, FS_G37505 and FS_G37667 within Soil Cluster-1 occurred at relatively higher frequency (10% to 44%) in each sample, although their frequency fluctuated depending on both soil depth and sampling date (Table 2) . Clone FS_G37505 was detected at its highest frequency (44%) in the 0-5 cm layer in March but not at all in July. Soil Cluster-2 included 19 OTUs and an enriched ammonia-oxidizing archaeon 'Candidatus Nitrososphaera gargensis' that is affiliated with Crenarchaeota Group 1.1b (13) . Soil Cluster-3 included 14 OTUs detected deeper in soil and was of a novel crenarchaeotal amoA lineage. Based on the FASTA program, the OTUs affiliated with this novel cluster were found to be less closely related to environmental clones (>91.3% nucleotide similarity). Soil Cluster-4 included 6 OTUs and environmental clones obtained from acidic soil at a higher frequency of occurrence (14, 31, 35) .
The amoA amino acid sequences obtained in this study within the cluster Marine were associated with three distinct sub-clusters (Marine Cluster-1 to -3) (Fig. 3) . Marine Cluster-1 included 8 OTUs that were related to amoA clones obtained previously from a drinking water treatment plant (47) . Clones FS_G37799 and FS_G37677 within Marine Cluster-1 occurred at a relatively high frequency (10% to 14%) in July and in microcosms ( Table 2 ). Marine Cluster-2 included 5 OTUs that were related to amoA clones obtained previously from estuary sediment (29) . Clone FS_G3R251 occurred at a relatively high frequency (10% to 28%) in soil at depths of 5 cm or more in March and May. Clone FS_G37783 occurred at a relatively high frequency (17% and 38%) in the 0-5 cm layer in July and in an incubated microcosm without additional ammonium. Marine Cluster-3 included 5 OTUs and the marine crenarchaeon 'Nitrosopumilus maritimus' SCM1 (22) . Clone FS_G3R227 occurred at a relatively high frequency (10% and 27%) in soil at depths of 5 cm or more in March and 15 cm or more in May, and was related to the amoA clones obtained from the drinking water treatment plant (47). Total clone number  81  40  41  41  35  53  32  49  29  21 26 a Clusters were designated in Fig. 3 . S1, Soil Cluster-1; S2, Soil Cluster-2; S3, Soil Cluster-3, S4, Soil Cluster-4; M1, Marine Cluster-1; M2, Marine Cluster-2; M3, Marine Cluster-3. − NH4 + , Microcosms without ammonium addition. + NH4 + , Microcosms with ammonium addition. Gray box shows that frequency of OTU was more than 10%.
Phylogenetic analysis of betaproteobacterial amoA
Betaproteobacterial amoA clone libraries were generated from the top layer of 0-5 cm in March, May and July, and incubated soils in microcosms in July. Of the 130 individual amoA gene sequences obtained from the soil, all clones were affiliated with the genus Nitrosospira (Fig. 4) . We obtained a total of 12 OTUs (based on a 3% cutoff) from those individual amoA gene sequences. The OTUs within the Nitrosospira were associated with two distinct clusters (Cluster-A and -B). Most clones obtained at 0-5 cm fell into Cluster-B (Table 3) . Clone FS_G37588 within Nitrosospira cluster 4 was dominant in March and July, whereas clone FS_G37563 within Nitrosospira cluster 1 was dominant in May.
We compared the community structure of AOB before and after the incubation of microcosms, because the ratio of AOB to AOA amoA genes in microcosms increased after incubation (Fig. 2) . In the microcosms to which ammonium was not added, no marked change in community structure was observed, suggesting those members to be responsible for in situ nitrification in the top layer in July. On the other hand, in the microcosms with ammonium, the frequency of Cluster-B containing Nitrosospira cluster 3 and Nitrosospira cluster 1 increased markedly. By contrast, the frequency of clone FS_G37588 within Nitrosospira cluster 4 decreased after incubation. Nitrosospira cluster 4 is typically obtained from unimproved soil with a small amount of ammonium (23, 28) , whereas Nitrosospira clusters 1 and 3 are generally dominant in soil with high ammonium content (5, 23) . It is therefore likely that the change in community composition in the microcosms amended with ammonium is attributable to the high ammonium concentration in the soil.
Conclusion
The amoA gene sequence and quantitative PCR analyses revealed a seasonal change in the vertical abundance of AOA and AOB within temperate forest soil. Furthermore, the abundance of the crenarchaeotal amoA gene in soil at depths greater than 5 cm changed drastically compared to that in the top 5 cm of soil during this study. The microcosm experiment suggests that AOB played an important role in the net nitrification in the top layer soil in July. Since these results were obtained at the same site (about 3 m 2 ), further study is necessary to establish whether this phenomenon occurs in other temperate forests. 
